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ABSTRACT 

Heat transftr rates are measured on a two-dimensional, blunt, flat 

nose and In the separated and roattachlng flow regions of the separation 

bubble behind the leading edge corners In the high enthalpy laminar transonic 

and supersonic flow In the shock tube. 

The measurements are carried out In a shock Mach number ranqo  from 

2.5 to 10, and a corresponding flow Mach number from approximately 0.4 

(the flow being choked) to 2.7.    The Reynolds number, which  Is based on 

2 4 half of the nose height, varies from 6 x 10   to 3.3 x 10   and the local  Reynolds 

number on the flat plate section, behind the leading edge corners, based on the 

3 5 distance from the stagnation point varies from I x 10 to 1.5 x 10 . 

The results are correlated in terms of: (Nu/Pr), (q/iPJ") and (Nu/PrRe  ) 

as functions of Mach and Reynolds numbers and stagnation to wall enthalpy ratios. 

The variations of local maximum and average heat transfer rates on the nose 

section and in the separation bubble region behind the corner are presented. 
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i  INTRODUCTION 

As part of the separated flows and near wake studies underway at the 

Department of Aeronautical Engineering of the Technlon-lsraei Institute of 

Technology, heat transfer rates were measured over the two dimensional blunt 

base of a wedge-flat plate In the shock tube CO. The heat transfer rates 

variation across the base surface were found to be In the subsonic flow cases 

and in some supersonic flow experiments wavy with multiple peaks. Since the 

reversed flow In the base region (near the base's center) resembles to some 

dogree stagnation point flow it was tried to compare these results with 

stagnation point heat transfer data, Two flow geometries were considered for 

comparison: 

(a) A two dimensional Jet impinqinq on a vertical wall which may be 

similar to the central part of the recirculating wake impinging 

on the base 

(b) a blunt flat nose exposed to uniform flow. 

However vary little experimental information was found about such configurations In 

the ranqe of parameters experiencec* in our shock tube experiments. Measurements 

"< heut transfer from a free jet to a wall C2D were compared with the data of CG 

and some qualitative agreement was found. Still it is felt that the base flow 

cannot be strictly analogous to the impinging Jet case. Therefore it was decided 

to investigate the blunt flat nose configuration. This confIguretion was chosen 

because technically it was easy to obtain simply by turning the wedge-flat plate 
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b~se heat t ~nsfer moae ! des-:. •· ' bed ,n [ 1] w tt. t he base ac l r.g ps·r t eam . t hus 

gett ing a bl unt f lat two a mens iona nose as the ead ing edge f them de l 

in The wo d l mens t on~ f low o+ the :;hc~k tube , 

The bl unt f lat nose heaT t ansfe r dat~ Is i n•e rest ng n i t se l s tnce 

a hypei veloc ty v6h lc es · sE o u1 e~ noses at the i r leaa ng edges to 

reduce The ntense heat t ans • ~ r r e es " As he max imum loca heat i ansfe r 

rate In mos t cases w ' st l: ' cccu r at the ·forwa r-a sragnat lon po i ~1 t or ITs 

v t c t n · ~Y v the heat trans te1 rat es assoc 1 ~ted wiTh th :s reg ion are of con 

Siderab le pract ca as we : as ihe~ eT lca :nTe rest and add; ti o~a l data is 

usefu l s ince the ~ase of the t ra+ two d imens ;ona ' b l unt nose has noT yet 

been Int ens ive ly 1nvest.gat ea . 

Wh e the b !unt nose hea t r ~.,s te r v~ ri at i ons a t~e i t~ves~ i gatea the heat 

transfer . ates are ~ l so meascreo on the f .at p late sect ion o f t he modP- ! in the 

separa ti ng and reattach i ng f low beh i nd tr.e sha p corne r s of the lead ing edge . 

Tn s- 1nformat ion on the heat tr ansfe rates in the ead ing edge sepa rat1 on 

bubb e s upp !ements prev ious stud ies of othe r separated f low conf ig rat :ons wh ich 

we re s tud ed in this laborator y [ !] . [~] ana [4] . 

St i i the ma i n obj ecr i n t M present work is not the b . unt nose p,-ob lem 

as such ~ out the compar ison of the 1at nose heat t r a~sfer rate data with that 

of the o ~nt base , 
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I. EXPERIMENTAL Anr'APATU^ 

A. The Shock Tube and Its instrumentation 

The heat trans for rate measurements are performed in the 

Timm  x 75 mm shock tuho which is tho straight channel section 

(unexpanded flow) of the Department's laboratory 10" x 12" hyper- 

sonic shock tunnel, 

The shock tunnel (Fig, I) consists of a cylindrical compression 

chamber 1.5 meter lonq^ a square low pressure tube of 75fnm x 75mm cross 

section 7 meters lonq and a aouhle-oxpanded nozzle to a 10" x 12" 

hypersonic test section  Thp presont measurements are performed in 

tho test section at the end of the last section of the straight low 

pressure tuho 

The low pressure section is evacuated to 1.5«™ Hq. ab using air 

as test qas. Hiqh pressure bottled air or hydrogen are used as driver 

gases In the compression chamber. A detailed description of the shock 

tube and tho instrumentation is presented in C5l]. 

The shock wave speed Is determined by measuring the timo of travel 

of tlu> 5ihock wave between two thin platinum film resistance thormometers 

mounted n  known distance apart flush on the shock tube well. The thin 

film qaqes being under constant current react to the passage of th« shock 

wave by a sudden jump in their output voltage which Is fed through pulse 

amplifiers into e 10 ^oqacvclr? counter. 

,^mmammmm^mmmm 
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B. Heat Transfer Model 

The model Is a steel wedge-flat plate with a blunt edge (Fig. 2) 

spanning the shock tube test section. It Is the same model that was 

used for blunt base heat transfer measurements CG except that in the 

present experiments the blunt edge Is turned upstream. The center 

part of the model Is made of pyrex glass on which a number of thin 

platinum film gages are sputtered. Gages Nos. I to 6 and Nos. li to 

13 are positioned on the top and bottom flat surfaces behind the leading 

edge corners and are used to measure the heat transfer rates In the 

leading edge bubble separating and reattaching flows. Four gages, Nos. 

7-10 are positioned on the flat nose as shown In Fig. 2. The model 

chord Is 41.09 mm and the leading edge height Is 2h = 5.66mm. 

The positions of the nose gages centers from the nose center 

(stagnation point) and of the flat surface gages centers from the 

leading edge corners are given In Table No. I. Given are also the 

non dimensional distances from the stagnation polnt-x/h. 
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TABU: I , 

Position Gage Nos . distance tram I distance fran x/h 

I 
s t a Cit ion the corner 

I 
O t n ~" 1 

X t t ~~ r·1 mm I I 

-- ! ' l I I 

I 
I I 

7 -I . 62 - -0,572 I 

I 8 - O, Ofl I - -0. 02R I 

leadinq i 
9 l ! 26 ! - 0.444 

' I Edge ' I 

10 2, 37 0.836 

3 I I , 83 9.00 4 , 176 

4 8 , 67 5.84 3.0601 

5 6 . 02 3.19 2.125 1 

Flat 6 4 . 0 1 1.18 1.4161 
I 

; Surfaces II 3 65 0.82 I 1.2891 
i 

12 6 , 19 3.36 2.I05 i 
I 

13 9 . 06 6.23 3.1981 
I 
I 
I 

The average width ot the gages on the nose Is approximately 0.8 """· 

The heat trans fe r qanes are th in platinum film resistance thenno-

meters sputtered on py rex lass hacking material. Every film Is 
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calibrated and operated as descr bed 1n (6]. The output of the nages 

i s fed into an oscilloscope and intv t he ana log compu t tng network a lso 

descr ibed in [6] which turns the gage output into a step funct ion 

directly proportional to the heat t ransfe r rate " Th s s t ep funct 1on 

Is fed Into the same oscll loscope th ovgh a ; megacyc e chopper thus 

d sp ay lng both signals slmu ltaneous :y. The osc i loscope t race i s then 

photographed . A typical examp le of t he thin t i m gage output is s hown 

n F g . 3. 

C. F ow Uniformity 

Determ ination of flow conditions n tne shock tube 1s i nher·en+ y mo~ e 

difficult than in the low temperature cont inuous flow p and even l f t his 

is accom~l i shed with acceptab le accuracy ~ there are st i I I two cond i t ions 

that must be ascertained , The f i rst is two-d imens iona l ty and un i formiiy 

wh ich are verified by the reproduc bi l l ty of the results of consecut ive 

shock -rube runs . In the present wo rk the reproduc bi I i ty var ies between 

t 5~ and t 10~ indicating uniform two- dimens ional f low , 

The second condition is that the heat t ransfer rate n the shock 

tube flow must reach steady cond i t ions before the terminat ion of the 

un i form hot flow . In the present wor k th 1s cond ition Is a lso tuit l I ed 

a~ fndlc~ted In Fig . 4. Whl le the test ti mes n th is shock tuhe vary 

between 380~sec at M = 2 to about 90usec at M = 10 the -r ime of estab li sh-s s 

ment of steady heat transfer cond it ions var 1es from 250~sec. at M = 2. 5 io s 

40~sec and 25l.lsec at M = 10 in the sepa rated f.OI'I heh:n d thF.! lead l llCJ edqc s 
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corner and on the nose near the corners respect "ve ly D and a ls0 0m 

70~sec at M = 2. 5 to 25~sec at M ~ 10 l n the ' c n· y o the ose s s 

center . 

It t . HEAT TRANSFER RATE MEASUREMENTS 

Heat transfe r rates are measured on the flat b lunt leading edge f t e 

mode l and in the separated flow and reatTachment re~ ons on the tat J r t a e 

beh "nd the sharp leading edge corners. The test ange of flow co di 1 n ~ , _ 

ob ta ined by va ryi ng the shock Mach number from 2. 5 to 10 , Th i s is do e ~ d e o the 

shock tube ' s struct ura l l imitat ons » Dy chang ing t he low pes~ re In he shoe u b~ 

etween !00 mm Hg . ab . to 1. 5 mm Hg. ab . hold ng the h gh press· e d g_s o 

less than 600 ps i . This procedure results · n as m ltaneous ' 3 iar :o In f' o a~ h 

number, Reyno lds number and stagnat ion to wa l enthalpy ratio ( the f ree s t rea 

st agnation temperature to wa l I tempe rature rat io varies in t hese t ests f m 5 

mo re than 50 when the shock Mach number Is increased from 2 . 5 t o O. >. Th s 

s imultaneous variat ion of the main flow parameters comp icates the nterpretat lon 

o the data, the understanding of the Individual affects and the impo rtance f t e 

a ious parameters. It Is necessary to cross plot the results In orde r too a •n 

ome ind ications as to the Important par81118ters, whl le e en then ome ,..es •I ts re • ~1 · 

une plained . 

The free stream Reyno Ids number In these tests, Reh, ranges f rom 8 . 4 "' !0 

t 3. 3 X 104 , and the local Reynolds number on the f I at su r faces of the mode a ; ef 

om I x 3 I 0 to 1.6 x 105• The flow Mach number bah I nd the in lt a l shock wave D 
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^7 computed from tho shock strenqth and ron I qns of foot«; should v.-ir/ t ron 1.00 

to 2,64 but due to flow choklnn in the test section at M_ <? ? ( or M > 5 65 
2 s      ' 

correspondlnq to all air driven and • few hydrogen driven runs) the real flow 

Mach number ranqos from about 0,4 to 2,64.  The lower limit of tms ranqe is not 

accurately known sinco the boundary layer displacement thickness on the shock tube 

W.TIIS can only bo rouqhiy evaluated. Accordinq to one dimens'onal flow theory 

and tho test section and model dimensions choking should occur at M- < I 33 or 

M < 3.2, but as win bo shown in the next section, the present rosults clearly 

indicate choking up to M = 1.68 (M = 4.12).  Only for M > 2 (M  > 5 65) complete 

supersonic flow over the model is observed.  This shows that Tho boundary layer 

on the walls has a stronq effect on the flow blockinq in the test section 

The heat transfer rates are determined from the output of both The thm film 

thermometers and the analoq networks. The flow conditions are assumed to be the 

free stream conditions behind the initial shock wave. The use of The flow conditions 

behind the detached bow shock as reference conditions in the present test conditions 

did not result in any significant chanqes In the results, so that tho Tree stream 

conditions were used in all reqions of the flow.  All the shock Tube runs in the 

present work, even in the case of choked flow, are however characterized by a wall 

temperature that is considerably lower than the flow Stagnation temporafijre and tho 

present results correspond to highly cooled wall cases. 

A. Hoat Transfer Measuronent« Over the Leadjng Edge Separation ^uhhlo 

The heat trnnsfor gaqes on the flat surfaces are positioned from about Imm to ^ mm 

behind the leading edge corntrs. Th« local Nussttt number for each of the gages on 



- 9 -

the flat surfaces is calculated from the measured heat transfer rate, the 

evaluated free stream cond it ions an d the loca l length coordinate, x, 

measured from the s tagnation point . The variation of the local Nusselt number 

with the local Reynolds number for these gages is shown in Figs , 5(a) t o 5(d) 

Indicated in these figures for compar ison l s also the corresponding f at-plate ~ 

attached 6 lam inar boundary layer heat transfer rate at the same free stream 

conditions given by 

Nu = 0 33 Pr 113 Re 112 
X X 

The va r iation of the toea ! heat 1 ans te r rat o q/qt on the t :ar su r fa e s -p , 

o rner, vme: , ll t I S t he correspond ing attached r -
p late va l ue , i s s ho1n t n Fi qs . R(a ) an d BC nl and the mox imum ~n d ove rage re lat l e 

heat transfe r rn t es a,e CJ i c: in F"J~ ' 8 ·) un d 8(d) as funct ions of the Reyno:ds 

n mbe r and shocl ~-1d c. l 'lumber respect i vel y, 

Exam inat ion of the var iation of the usselt number with the ~eynolds number 

n the f at s urfaces (F igs , 5(a) t o 5Cd:l ' n the separated and reattach ng flow 

eg ions shows this variation to be linear (on log-log paper) and steeper than 

the f lat plate attached flow variat ion, sim i lar to the correspond ing f igures in 

[ 1], [3] and [ 4], Figs , 5(a) to 5(c) d isplay two levels of heat transfer at the 

ame Reynolds number but at different fl ow Mach numbers. The lower Mach number 

I ine is highe r and steeper , This seems to be due to flow choking so that the h iqhe 

I :ne indicates flow that is in i t ial ly subson i c and separates at near sonic con-

d i tions. Comparison with Fig. 5 of Ref. [4] however discovers a contrast wh ich 
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"tfly indicnto that separation of a uniform flow from a sharp leadinq odqo stop 

r)()il«l nnd tho separation of a flow while accelerating around a sharp corner are 

inhorontly different,  in the step separation case we find that in tho "dead 

water" roqic  the variation of tho Nusselt numher is stoeprjr than for attached 

flow and tho flow is sonstivo to disturbances such as chokinq, shock wavp detach- 

ment or local transition effects whereas in the reattachment zone the lino of 

Nu vs. Re paralle s that of the attached flow and is Insensitive to disturbances or 

Mach number variation. The present case of separation behind the sharp corner of 

tho flat nose has the opposite characteristics. The data from gages Nos. 6 and II 

(Fig. 5d) that are closest to the corner and in fully separated flow falls on one 

line that parallels the attached flow line irrespectively of the free stream Mach 

number and flow condition (supersonic or choked) which can be explained by the 

fact that the flow in the vicinity of the corner is always near sonic. However 

the heat transfer rale variation further downstream (Fig. 5a-c) resembles the "dead 

water" data of [43. 

In these shock tube runs due to technical limitations of the experimental system 

mentioned at the beginning of section III all of the free stream conditions are varied 

simultaneously ami the effect of each main flow parameter cannot be experimentally 

invest iqated. 

In an effort to separate these effects the data is replotted as <]/fp    and 

1/2 
Nu /Pr Re    as functions of the shock Mach number (Figs. 9a and IDa rospectively) 

x     ;< 

In the case of laminar attached flow these parameters are independent of the 

Reynolds number and should indicate the effect of the flow Mach number and enthalpy 

rat io. 



- II - 

For the hydrogen driven runs ( superson c flow ) the Curves n Fig 9(a) 

that correspond to the various qaqes have al the same »o-m whd eas when the 

flow is choked no common pattern is obse'-veo  Ou'srandinrj .5 t^e tact that 

m case of gages 11 and 6 that are closest to •»'he ccner rne curves are con- 

tinuous but for all other gages there is a sharp d.scontinui"y between the 

parts corresponding to the chokod and TO The sjpe'sonic fiowb  Tti 1 ■-, ohonomonon 

will be discussed in section IV. 

B Flat Nose Heat Transfer Measurements 

The Nusselt number for the gages on the flat nose, .s naseo on the nose 

height and free stream conditions,  its variation wiTh tne Reynolds number 

(also based on nose height) is shown in Figs 6ta) TO 6(0;  'nOicated in these 

figures for comparison is also the corresponding two dimens ona. flat stagnation 

point heat transfer.  It Is based on the values given by Cohen and Reshotko C^D 

and Lees C8D for a two-dimensional cylindricpi stagnation point mod-fied by a 

factor of 0 665 to the flat nosed stagnation point [8] and [9]      This stagnation 

point value g    is also ur>od to compute the ratio of I oca: nose to stagnation 

point- heat transfer rnto n/n   , the vdnation of which across The fiat nose 
s p. 

i'. ohown in Fiqs. 7(a) and 7(b)  Since the nose height is quite sma! i (only 

* Of)  mm) there are only four heat transfer gages positioned on ;t and the width 

of the platinum strip (average width is 0,8 mm) is not neg.;q;bie compared to 

the nose heiqht  Thus the value of the heat transfe- rate os measjred by each 

qaqe 15 not a local value but an average over the strip wicrch  Ry assuming a 

symmetrical heat transfer rate distribution and presenting each of the gages 
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readings also In I ts " mi rror . rna ge 11 pos i t i on (these r ef i ec eo p . nts a "6 rr.c.r l-..e<j 

by flagged symbo s for t denti f t catlon ot the actua l I measu r-e ... a .e:; ' a 

plausible curve cou l d be d1 awn th rough rhese .·ead ngs w•Th . e ·r e pass t .g 

thnough the gage strip w1dlh such a manne r ·+hat the ar ea oe.,. wec , 1.,. e f~ • 

strip above the strip shou l d eq a that be l ow the s1ri p 

111easured va I ue is an area average o f the p esented cu r e , Th 1 s e ··hn t q:.. e "5 

also used i n [1] ~ but on secona exam i nat ton of t he r es u l ts t hee , • t wa_ ~o~.r. .. 

that i n sane cases 9 especta ll y when t he heat 7'rans t e ... r ate d · st • b, . 1cn . ~ wa ., y· 

and the variation over the gages r · p I s l ar ge D t ota ll y d : ffe e r 

drawn without violat ing the eque l ar eas r u l e , t was . The e ~'o re , oec l ceo no·r 

to p l ace too much emphas i s on the deta i l ee l oca l d t si r' b t ton ana t o n : c, ~ e 

in the present paper on y the a e r age va ues F i g~ . 'l ii and b ) , The a : a·: ,& 

wI dth of each gage I s nd , cated once I n thes~ ~ i gures en a t tte a <er age a. ' Jes 

are connected by stra i ght li nes i n o ,.der t o d l st ' ngu sh be t ween tne a ~! _s 

shock tube runs . 

Figs . 7Cc) and 7Cd) d i sp by the dependence of he 10 a i hea t r a : 1 e r - 3t~ 

peaks and the average heat t r ansfer rate on the ncse on +tte Re1 . I ds &no Sn::J_ ... 

Mach numbers respective y. 

As in section lilA the data ; o r the f l at :'lose s a so r ep · o· •eo a.:. 
r:. .. 

,. IF 

and Nuh/Pr<Reh)l/2 vs . ~\ I n o r der to d st · ng:J i sh be wee. 't he e,. t e ·' - t :re 

R~yno l ds and Mach numbe r s F1gs 9b and I Ob J 

The curves of q/ ~ vs M s n t h s case Fig _ 9b are a l 
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of about the s arne pattern ~ontrary •o the c se o f thA seoar~tion bubbl e, Fiq , lOb 

shows Ga9es Nos 8 and q to be t he onlv qaqes t 1at a re nearly independent of the 

Mach numbe•, apnarent'v because t hese qaqes are very close tCl tho nos cerJte r and 

the stagnation poin t fl ow is i ndependent of the freo flow Mach numbe r . 

The gages nearer the corner, howe ver, s how a ~ombined ef fect of Reynolds and 

Mach numbers, simi fAr to th~ case of the cages in the reatta~hment req ion on tho 

flat surfaces behin d the corners These Reynolds and Mach numbers effects can-

not be separated , In these rcg ! o~s the flow must be further investigate d with-

out the limitations on the var iation ot the flow conditions imposed hv t he present 

shock tube so that the i ndividual effect and inp0 r t ance o f th~ var1ous f!ow oa r a-

me t"ers mav be fu r+f-te r dcteroni ned, 

I V, I SCU,)S I .Nor. ~-SULT . 

I. Comparison Betwe"'n 4eat Tr·an sf -~r Dist.- ibuti o·1s 0ver a Flat Nose and a Flat Base 

A~ inte resting comoarison is obt 2ined etwAen the re lati v8 heat trnns f0 r q/o s.p. 

vari tion across the h l unt bas'3 _I] anc th t"? Dresent b lu t r.o:;e (Fi qs . 7a-7 b ) , n:, 

t hP ~ l unt " SO 1\.10 r o t~t ~-lt:!ns~ r.: r· ''ori a1 ions t ~ r8 .n-:::ounte red , In The low ~ ru1 5 , 
s 

when t he flo t., is choked anc the .c iow ver t ~P. bose i s subsoni c , the va riation is 

ver , wavy wi h sha·p s lopes, wi+~ ~.o eaks near~ t e c0nor . These pea ks are 

"'cmet i mes hi 9her Cin e in SOf!"'1 cases are fou'ld to be I mo~er than the center n<:'ar 

staq~ation point pea~ . In the ~i gh M run s , supersonic flow over the base, in 
s 

a dd ition t o t he wav ' va riatio~ we fin d also a mono onic di s t rib uti on w1th only 

one peak in the center at the rear stagnatio~ region, These two types occur at 
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near l y the seme f'"'ee st r eam cond . tt or. s wh i ch seems ro . r.d i care scm(:j ,_ 

stabil i ty in the neer wake f l ow I t was assumed That h s ac tua r ow 

conf i gurat i on i s dependent on the ex i sTence or no•"' e:.. , stence o r s •n£· 

d i sturbances such as t ans ' t 1o . e f fects o three d1men s ,on a . <G·no Jx, 

ort ! ces In the present fat rose case . the two d r · e~en T y pe~ 0 1 

heat transfer var l at l o wh ch ar e obse r ,ea a r e stab l e ana r epeutao .e F s - \ d l 7l b } 

The s~.obson · ,.. and t r anson rc h0w cases . 1 e , a r, o r t ne n; r d.- . o~en r ui' s 

and some of the tow shock Macn numbe h,·oroger. dr . ver. r • .Jns , r. a~ e o vJ 

shaped heat t ensfer ar l at · cn a ways wt•h a peak at the ~en~e ; . t or war o 

stagnat · on po i n+ a;-, d Two much t. , ghe r peaks nea r · he -:o ~r. o r:. ! nese :::0 .-.e r 

peak~ can be expec ed beca se or he h ow acc-e erat 1on :l l Our.d ThE: cc rn e :r 

as shown by Lees CS] and Kemp v Rose and Det a [ i C] n the pr esen wor K 

these hear trans f e r ate peaks ~re h •gher since the corne r s a r e sha r p 

Tne p r esenT meC~su red ·1ar i at i on 1S a •so more wa-1y than tne theo r et . ca 

cu r ves i n Re fs . [8] and [ ' 0] b.Jt a s 1mi la r beha.- l our· can a l so be -! o nd 

i n the expe ri menTa l r esl! ts of Ref [9] ijnd [ iO] . The a ! ue of Tna co r ne -

peak (q/ q -= .• 65 i s a lmost const ar.t i n a I subson1:: r un s as ~h.e f , o,. thee 
s . p . 

is near son c i n a l these tes t s ( a •so F1gs , 7c , d ) ~ le r es• ,nq To noTe . . 

that at gage No 9 the heat transfe r r ate I S r ather cons ran t :~/1 
- p 

even t hough t he .( ree stream cond ! t 1ons change _ and The heat T i o rt5~e r i r"·Lcot ed 

b-; i' he cthe :· gages var 1es ons 1ae . ab . y . The heat i '"oli S-:- E: ·- · c ~ : ;-,e 40 o ··~.· a · d 

stagnat i on po nt · s somewhat tower than the a ues p ; ed . c.-v-e :J b7 Cv~en or.<.i 

Reshotko [7] . As the flow Macn number- i s i ncr eased f ·om ~ . osor i ::: .• c y, _ 

cases I to 5 i n r ' g ?a ~ TO tra;.son i c f ! ow (cases 6 and . r r F g := ar :J : =.s e.:. 
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8 and 9 of the hydrogen driven runs) the heat transfer rate 

distribution has a monotonically chanqinq W shape, then finally 

the supersonic pattern is observed (cases 10 to 13 of Flq. 7b), 

Here again a constant value of q/q    = I, is measured at qme 

No. 9. This value is almost twice the subsonic flow value. 

Stagnation point heat transfer rates are again somewhat lower than 

the calculated values. The corner peak heat transfer rates qrow 

as the flow Mach number is increased and the Reynolds number is 

reduced (Fig. 7c, d).  It must be stated thaf although the two 

different types of heat transfer distribution are encountered in the 

present flat nose case for the subsonic and supersonic flow 

respectively, this case is inherently different from the blunt base 

heat transfer phenomena as observed in fl]  The heat transfer- 

distributions on the flat blunt nose are stable and repeatable and chanqe 

gradually from one 'nto the other but in the case of the blunt baee 

the distributions are not stable.  Similar instability, but of a 

smaller magnitude, was also observed by Holden [o] on a blunt lose 

when he Induced flow separation on a flat ended cylinder with a spike 

(Tiq, 14 of [93). He found that this also caused the total heat 

transfer to decrease to approximate Iv one half of the unspikcd vnluf. 

This differenca between spiked and unspiked (separated and attached) 

flow stability and total heat transfer rates resembles thr differences 

between the separated unstahie heat transfer rsfe distribution on the 

blunt base and the attached stable distribution on the flat blunt 

nosed mode I. 



2,  Heat Transfer Pistnhut.on About tha Leading Edc^e Separat,on 

Due to the sharp corner at the biunt fiat nose edqu. ' r,, 

flow detaches there and a leading edqe separation bjbb e s 

established just downstream of the corner   it has been ino ^afea 

in Section MIA that this k.nd of separation ,s different from 'hv. 

sharp leadinq edqe step mode separation f^H  SeparaT.on  J .'.eo bi 

the »/ariojs types of sieps o;« character sod ty  -i  c',*;d . r. N ' 

whereas no such t,ow exists m tne eise 01 nn  i-io i., c.-ti: .,-   i -, • 

corner separations  This ditference r. the »ypos of f'ow sepa i» . 

is discussed and explained by Tan^  ;uch. and Komoda [  J 

In the case of a leading edge separation the development c  the 

flow may follow two possibilities 

a) The flow may remain separated without ■'eatfjch nq  It, b 

is observed in the case of tow Reynolds numoer irtm.nai 

separation 

b) A separation bubble is established immed.ateiy behind the 

corner and the flow then reattaches lu'The' ^.«»'   .en 

Tani C?.] summarizes a number of results for subsonic lead ,q 

edge separation bubbles  Ho bhoAc that reaftachitienr uccu^s 

.v»M>ri trie Royiiolils numberi basecl on the boundary laye d:S 

( 11"1* omen 1 thu.kriesb qt the separation point, is qrea+e' thai. 



-  17 - 

bOG      In  this case transition occurs  in the flow over  the 

Dubb.e and  it reartaches turbu'entiy, 

r.   rhs p'esent  work  tho hea*  transfer  oi j+ribut .on ever tne   • • fit  -..,  r « c 

.s'  heycra The   leadng eoqe corner  is  shown   in Figs    6i&,  tr<<i  ht     to-   'ft. 

suoscruc ara ^^persor'C cases rcspecti^oy      The   /ery   'ow  va^ues  "• ui-.a 

r-ans si    .q,^ -    095  j^st beyond the co'ne:   .noicate  Th4,f   the  t   •.»< 

sepo.';«teo  the^e   .n a1'   the   -uns.     Further domnstream  the  heat   f.cr.sro      c'e 

.nce^ses ard '"he Taxim^m measured  /alues of Q/Q.        var/ berweer  G 2ö   ■: 
♦.p. 

i c>  fee subsonic f!cw C6ie and 0.2'' to 0 75 for supersonic fiow w^t e •'■fc 

nqho- vaijes are obtained at hiqher Rey^'^j -v., it   'Fig 8(c)'     . _•: 

no* oe fi^miy concluded ♦'om these 3is'. i i • " oiv if the flow i». ^j' y 

-e.3TTir.nea wjrhin the qaged section of the it -• .     unat.on or f  c, ? r 

may ^d',.ate some cases where no reattac^-  occur?    where tne es -o^r,- 

iiion» s ro+ complete  The heat transfer variation of gages Nos 6 and 

are ccn'incjs  These gages are nea'est to the corner and are a'»>&/<> w TU 

in the separated fio«» region  On gages further away, there is a breaK  r 

rhe heat transfer rate curve when the flow changes from sobscr. .c to supe 

so.*.-c  This jump nay indicate that in the r. .gh Reyno'ds number nea; soi. ■: 

ser-cTa r, ei (lew M dat« in Fig, 9a.' the fiow ^eattaches very ciose ro tht 

corne- and tue ''shor* bjbbie" separation pattern C'^j is estabiisneo  Wn.ie 

ir. Yiie supersonic tow Reynolds number case (high M data Mg 9a.1 rcat'd'.h- 

menr either dr-os nor occur or ;s more gradua1 as for the "long bubti'e' r.i-,f,8 
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The flo». ovor the f I «t hlunt nose Is always subsonic in the p-O'-onT 

tests due to the normal sho.t* ahnad of the bodv, the flow downs ftnam 

of the cornor acceloratns vory rnpidly to supersonic velocily m the 

hi^h Mach number tests or to hi(jh suhsonic and transon^ velocities 

for the etioked tlow tes^s  Aloe tne oxtont of the separation bubble 

Is quito attected by fb« hiqhly cooled walls exporienced in tno presnnt 

tests.  So that the comparison ot Tne i-e^ults frow these tests with 

those of the low speed a.liabatic resu'ts of References [j I ] and f1?! 

can be on•y qualitative 
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FIG.   I    -    The  10" x  12" Hypersonic Shock Tube - Shock Tunnel 
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3a)      qane No.   1 

parasol a -  "VO mV/dl v. step  -  500 mV/div. 

3b) qaq^ No.   7 

qaqe Ho.   in   5 
p,-tr.-i; -••I*   -   S^  "iv/r;: 

3c)   qaqe No.   5 
parabola -   10 mV/dlv.    ^tep -   100 mV/div 

q.iqo V'o.   6 
parabola -  5 nV/div.      step - 20 nV/div. 

Fiq.    5.   -     I'nt   Trir.r,f^r  Haqos   output 

M    = q.8^ 
s 

Pe/cm  =  9.46x10 jweep  =   20 gsec/div 
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a i      GAGE   NO.   3    AT     ^ = 4.176 
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FIG.   5     (COMT.) b)   GAGE   NO.   /,      AT    x/h = 3.06 
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1}   ABSTRACT 

Heat transfer rates are measured on a two-dimensional, blunt, flat nose 
and In the separated and reattachinq flow reqions of the separation bubble 
behind the leadinq edge corners In the high enthalpy laminar transonic and 
supersonic flow In the shock tube. 

The measurements are carried out In a shock Mach number range from 2.5 to 
10, and a corresponding flow Mach number vrom approximately 0.4 (the flow being 
choked) to 2.7. The Reynolds number, which Is based on half of the nose height, 
varies from 8 x 10 to 3,3 x 10 and the local Reynolds number on the flat plate 
section, behind the leading edge cocners, based on the distance from the 
stagnation point varies from I x 10 to 1.5 x 10 . 

The results are correlated In terms of: (Nu/Pr), (q/ Ifpf) and (Nu/PrRe1' ) 
as functions of Mach and Reynolds numbers and stagnation to wall enthalpy ratios. 
The variations of local maximum and average heat transfer rates on the nose 
section and In the separation bubble region behind the corner are presented. 
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